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We propose a model where the anapole appears as a hidden photon that is coupled to visible
matter through a kinetic mixing. For low momentum |p| ≪ M where M is the cutoff the model
(soft hidden photon limit) is reduced to the Ho-Scherrer description. We show that the hidden gauge
boson is stable and therefore hidden photons are indeed, candidates for dark matter. Our approach
shows that anapole and kinetic mixing terms are equivalent descriptions seen from different scales
of energy.
Majorana fermions are particles that feature good at-
tributes to be considered dark matter [1] candidates. On
the one hand they are electrically neutral and can inter-
act with virtual photons. However, there are several ways
to implement the dark matter idea as, for example, by
including neutralinos [2], analyzing relic abundance sys-
tematically [3], incorporating Sommerfeld enhancement
[4, 5] or extending the standard model through the use
of secret interactions [6], kinetic mixing [7] and so on.
However there are also other reasons that justify an
additional study of Majorana fermions as dark matter,
namely, it is expected that the effects of dark matter will
be more accessible in the low energy sector, and if the
dark matter is coupled with the standard model, then
effects such as parity violation can play an important
role [8].
As in any effective theory one expects that there is a
cutoff energy M , for which if E ≃ M , both the parity
violation and the anapole contributions provide visible
signals as a consequence, most likely, of more fundamen-
tal symmetries unknown until now.
The consequences of the description above are followed
by the fact that the vertex function Γµ(q2) must be con-
sistent with gauge invariance because it is related to the
electromagnetic current through
〈k|Jµ|k′〉 = u¯(k)Γµ(q2)u(k′),
where Γµ(q2) has the following general structure
Γµ = F1(q
2)γµ + F2(q
2)
i
2m¯
σµνpν
+ F3(q
2)
i
2m
σµνqνγ5 + F4(q
2)(γµq2 − qµq/ )γ5, (1)
where the F1,2,3,4 are form factors and q
2 = −(k − k′)2.
The term proportional to F3 is the electric dipole mo-
ment which violates temporal inversion but is invariant
under parity, while the term proportional to F4 is called
the anapole contribution [9] and violates both parity and
temporal inversion.
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FIG. 1. Annihilation of two Majorana fermions into a virtual
photon. The black box is an effective vertex.
The Lagrangian that provides the anapole contribution
is [10, 11]
Lanapole = −
g
M2
χ¯γµγ5χ ∂νF
µν , (2)
where Fµν = ∂µAν − ∂νAµ is the strength tensor, g is
a dimensionless coupling constant and M is a cutoff of
mass.
In a more classical context, and inspired by the re-
markable ideas developed in the late fifties in weak inter-
actions physics [12], the hypothesis of identifying Majo-
rana fermions with dark matter is even more intriguing
because the electromagnetic interaction [9] with Majo-
rana fermions should occur through the anapole term
[10, 11].
Intuitively, the anapole interaction appears when neu-
tral fermions are coupled through the process shown in
FIG. 1, where the black box vertex encodes the parity
violation [9]. Then, the possible relation between dark
matter and fermions of the standard model (f) emerges
when we “paste” the processes χχ¯ → γ and γ → f¯f ,
with γ a virtual photon playing the role of a “bridge”
between dark matter and the standard model (see FIG.
2).
The goal of this paper is to present an approach that
shows a very clear relationship between hidden photons
and anapole as dark matter. In a nutshell, our results
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FIG. 2. This diagram ‘pastes’ the dark (LHS) and visible
(RHS) parts through a virtual photon.
show that the anapole term can emerge from a soft hid-
den photon limit approximation.
An extra U(1) gauge boson - often referred as hidden
photon or dark photon - it is a quite interesting and well
motivated dark matter candidate. Has been pointed out
that such particle can explain the whole dark matter con-
tent observed today, or be a sub-dominant component, if
produced a non-thermally during inflation [13].
In order to explain the idea we begin considering the
Lagrangian
L = L({χ,Gµ}, {ψ,Gµ}), (3)
where {χ,Gµ} correspond to the particle content of the
dark sector, with Gµ a hidden U(1) gauge field, whereas
in {ψ,Aµ} the ψ’s are fermions of the standard model
and Aµ is the visible photon.
More specifically (3) will be written as
L = χ¯ (i∂/ − gγ5G/ − m¯)χ−
1
4
G2µν(G) +
1
2
M2Gµ
2
+ ψ¯ (i∂/ − gA/ −m)ψ −
1
4
F 2µν(A) +
ξ
2
Fµν(A)G
µν(G)
+ · · · , (4)
with the strength tensors Fµν(A) and Gµν(G) defined as
Fµν(A) = ∂µAν − ∂νAµ,
Gµν(G) = ∂µGν − ∂νGµ. (5)
In (4), ξ parametrizes the (small) kinetic mixing be-
tween hidden and visible photons, and · · · denotes all
other fields belonging to the standard model.
A mass term, M , for the hidden photon has been in-
cluded, assuming that there is a particular spontaneous
symmetry breaking mechanism in the hidden sector or
corresponds to a stueckelberg mass term (see also [14]).
The next step is to consider a region in which the hid-
den photon momentum satisfies |p| ≪M , such limit can
be justified for a hidden photon dark matter candidate,
since |vdm| ≪ 1, so that in this limit the kinetic term
G2µν , is much smaller than M
2G2µ, so
L = χ¯ (i∂/ − gγ5G/ − m¯)χ+
1
2
M2Gµ
2
+ ψ¯ (i∂/ − gA/ −m)ψ −
1
4
F 2µν(A) − ξGν∂µF
µν(A)
+ · · · . (6)
Where we have made an integration by parts of the ki-
netic mixing term.
In this region of energy, Gµ becomes an auxiliary field,
and therefore can be found to be
Gµ =
1
M2
(gχ¯γµγ5χ+ ξ∂
νFµν(A)) .
=
1
M2
(
gJ (5)µ + ξ∂
νFµν(A)
)
. (7)
Putting back the latter expression for Gµ into (6) we
get
L ≃ χ¯ (i∂/ − m¯)χ−
g2
M2
(χ¯γµγ5χ)
2
− ξ
g
M2
χ¯γµγ5χ ∂νF
µν +O(ξ2). (8)
Thus, from the above equation can be clearly seen that
the anapole term comes from the “soft-photons” approx-
imation, meaning from the assumption that the momen-
tum of the hidden photon is much smaller than M .
However, we also emphasize that the anapole contri-
bution is a consequence of the kinetic mixing of the dark
matter as it becomes explicit by the presence of ξ. There-
fore, a Majorana fermion coupled to the DM particle can
manifest itself via an anapole interaction.
The measurement of anapole contributions is a task
that has been developing slowly, where these contribu-
tions are considered a test of precision of the standard
model. Currently there are several experiments running
in atomic physics [15], that complement the first mea-
surement in this direction [16].
In the context of anapole contributions coming from
dark matter, these are more difficult to control and what
we have proposed in this letter is to address them via
kinetic mixing.
The point of view considered here unifies two appar-
ently different approaches and allows to establish a one-
to-one correspondence between both.
Another interesting question is to investigate the sta-
bility of the Gµ boson. In the static limit this boson is,
3of course, stable but if Gµ is a dynamical field, then one
should worry about its life time.
In order to do so, it is convenient to take the basis
(Aµ, Gµ) and diagonalize it, so the mass eigenstates will
be
Aµ∼= A
′
µ + g
(
1 +
m2
M2
)
G′µ
Gµ∼= A
′
µ − g
m2
M2
G′µ (9)
And the Lagrangian in the hidden sector becomes
L ⊂ −g2
m2
M2
G′µχ¯γ5γ
µχ,
so the decay with is given by [17]
Γ (G→ χ¯χ) ∼= g2
(m
M
)4
m. (10)
However, as in many extensions of the standard model,
it is sensible to consider m ≪ M , thus, the decay am-
plitude it is indeed small, implying that the average life
time of the gauge boson is large, at least compared to the
life time of the universe, so the boson Gµ is stable.
From the point of view of the phenomenological pos-
sibilities of detection one could explore at least two;
the first one requires an exhaustive analysis of the data
XENON100 [18], and the second is to exploit the extra
Coulomb contribution that results from the Lagrangian
of eq. (6), namely [15]
V (r) =
g
4pi
e−Mr
r
γ5.
which is the lowest order contribution.
Classical experiments of Coulomb’s law, bounds on the
photon mass [19] and parity violation tests could, in prin-
ciple, provide some clues about the existence of dark mat-
ter in the universe.
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